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(57) ABSTRACT

Provided 1s a photoelectric conversion element including: a
first electrode having opaqueness to light and formed of a
metal; a hole blocking layer provided on the first electrode;
an electron transport layer provided on the hole blocking
layer; a hole transport layer provided on the electron trans-
port layer; and a second electrode provided on the hole
transport layer and having transmissivity to light, wherein
the hole blocking layer contains an oxide of the metal 1n the
first electrode.
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PHOTOELECTRIC CONVERSION ELEMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a continuation applica-
tion of International Application No. PCT/JP2016/063685,
filed May 6, 2016, which claims priority to Japanese Patent
Application No. 2013-095777, filed May 8, 2015. The
contents of these applications are incorporated herein by
reference 1n their entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present disclosure relates to a photoelectric
conversion element.

Description of the Related Art

[0003] In recent years, driving power for electronic cir-
cuits has been significantly reduced, and it has become
possible to drive various electronic parts such as sensors
with a weak power (ol a microwatt order). Expected uses of
sensors include application to stand-alone power systems
(energy harvesting elements) capable of generating and
consuming power instantly. Among such energy harvesting
clements, solar cells (which are a kind of photoelectric
conversion elements) are drawing attention as eclements
capable of generating power at anywhere there i1s light.
Small-sized energy harvesting elements can be disposed at
various places, and when combined with secondary cells,
can serve as primary cells that need no replacement.
Improvement in the power generation performance will
cnable a greater downsizing and an increase in the number
ol times sensor information can be transmitted wirelessly.

[0004] Among the solar cells, dye-sensitized solar cells
proposed by Graetzel et al. from Swiss Federal Institute of
Technology i Lausanne have been reported to have high
photoelectric conversion characteristics greater than or
equal to photoelectric conversion characteristics of amor-
phous silicon solar cells 1n environments under weak room
light (see Panasonic Technical Report, Vol. 56, No. 4 (2008)
87). Room light of, for example, LED lights and fluorescent
lamps typically has illuminance of about from 200 Lux
through 1,000 Lux, and 1s light by far weaker than direct
sunlight (about 100,000 Lux). In many cases, the energy
harvesting elements are installed on, for example, walls, but
not directly under the room light. In this case, light radiated
to the energy harvesting elements becomes even weaker
light. Walls 1n offices are at about 300 Lux, and walls 1n work
rooms are at about 500 Lux. Hence, a high photoelectric
conversion efliciency 1s desired even 1n environments under
weak light such as room light.

[0005] Meanwhile, existing dye-sensitized solar cells
using clectrolytic solutions are at a risk of, for example,
volatilization or leak of the electrolytic solutions. Therefore,
for practical use, 1t 1s desired to provide the electrolytic
solutions 1n the form of solids. For example, many reports
have been made on solid dye-sensitized solar cells as

presented below.

[0006] (1) Solid dye-sensitized solar cells using mnorganic
semiconductors (see, for example, Semicond. Sci. Technol.,

10 (1995) 1689)
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[0007] (2) Solid dye-sensitized solar cells using low-
molecular-weight organic hole transport materials (see, for

example, Japanese Unexamined Patent Application Publi-
cation No. 11-144773, Synthetic Metals, 89 (1997) 215, and

Nature, 398 (1998) 583)

[0008] (3) Solid dye-sensitized solar cells using conduc-
tive polymers (see, for example, Japanese Unexamined
Patent Application Publication No. 2000-106223 and Chem.
Lett., (1997) 471)

[0009] However, reports that have been made so far on
solid dye-sensitized solar cells are merely reports on pho-
toelectric conversion efliciencies under artificial sunlight,
but not on reports on photoelectric conversion efliciencies
under, for example, room light. Especially, photoelectric
conversion efliciencies 1n environments under weak light
(from 50 Lux through 300 Lux) have not been reported at all.

SUMMARY OF THE INVENTION

[0010] According to one aspect of the present disclosure,
a photoelectric conversion element 1includes a first electrode
having opaqueness to light and formed of a metal, a hole
blocking layer provided on the first electrode, an electron
transport layer provided on the hole blocking layer, a hole
transport layer provided on the electron transport layer, and
a second electrode provided on the hole transport layer and
having transmissivity to light. The hole blocking layer
contains an oxide of the metal 1n the first electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 1s a schematic view 1llustrating an example
ol a photoelectric conversion element of the present disclo-
sure.

DESCRIPTION OF TH

(L]

EMBODIMENTS

[0012] The present disclosure has an object to provide a
photoelectric conversion element having a high photoelec-
tric conversion eiliciency even under weak irradiation light

(from 50 Lux through 300 Lux) such as room light.

[0013] The present disclosure can provide a photoelectric
conversion element having a high photoelectric conversion
elliciency even under weak irradiation light (from 50 Lux
through 300 Lux) such as room light.

(Photoelectric Conversion Element)

[0014] A photoelectric conversion element of the present
disclosure includes a first electrode having opaqueness to
light and formed of a metal, a hole blocking layer provided
on the first electrode, an electron transport layer provided on
the hole blocking layer, a hole transport layer provided on
the electron transport layer, and a second electrode provided
on the hole transport layer and having transmissivity to light.
The photoelectric conversion element further includes other
layers as needed.

<First Electrode>

[0015] The first electrode 1s not particularly limited and
may be appropriately selected depending on the intended
purpose, so long as the first electrode has non-transmissivity
(opaqueness) to visible light and 1s formed of a metal.

[0016] The opaqueness to light means that transmittance
of visible light 1s lower than 50%.
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[0017] The transmittance of visible light can be measured
with, for example, an ultraviolet-visible (UV-vis) spectros-
copy method.

[0018] Examples of the material of the first electrode
include silver, stainless steel, copper, titanium, and alu-
mimum. One of these materials may be used alone or two or
more of these materials may be used 1n combination. Among,
these materials, titantum 1s preferable.

[0019] The average thickness of the first electrode 1s
preferably 100 nm or greater, more preferably 1 micrometer
or greater, and yet more preferably 50 micrometers or
greater.

[0020] In order for the first electrode to maintain a pre-
determined hardness, it 1s preferable to provide the first
clectrode on a substrate when the average thickness of the
first electrode 1s 1 micrometer or less. Examples of the
substrate include a glass plate, a transparent plastic plate, a
transparent plastic film, and an 1norganic transparent crystal.
When the average thickness of the first electrode 1s about 50
micrometers, the first electrode can maintain hardness, and
hence does not need a substrate.

<Hole Blocking Layer>

[0021] The hole blocking layer i1s provided in order to
suppress a fall in electric power due to contact of an
clectrolyte with an electrode and consequent recombination
between holes 1n the electrolyte and electrons 1n a surface of
the electrode (so-called back electron transfer). The hole
blocking layer 1s formed also for the purpose of preventing,
an electronic contact between the first electrode and the hole
transport layer.

[0022] The effect of the hole blocking layer 1s particularly
remarkable in solid dye-sensitized solar cells. This 1s
because a speed of recombination (back electron transfer)
between holes 1in hole transport materials and electrons in
surfaces of electrodes 1s higher in solid dye-sensitized solar
cells using, for example, organic hole transport materials
than 1 wet dye-sensitized solar cells using electrolytic
solutions.

[0023] The hole blocking layer contains an oxide of the
metal 1 the first electrode.

[0024] The material of the hole blocking layer 1s not
particularly limited and may be appropnately selected
depending on the intended purpose so long as the matenal 1s
an oxide of the metal 1n the first electrode and 1s transparent
(transmissive) to visible light. Examples of the material of
the hole blocking layer includes titanium oxide, copper
oxide, and aluminium oxide. Among these materials, tita-
nium oxide 1s preferable.

[0025] The method for producing the hole blocking layer
1s not particularly limited and may be appropriately selected
depending on the intended purpose. In order to suppress loss
current under room light, a high internal resistance 1is
needed, and a film forming method 1s important.

[0026] Examples of typical methods for producing the
hole blocking layer include a sol-gel method, which 1s wet
film formation, which however results 1n a low film density
to make 1t 1impossible to suppress loss current sufliciently.
Hence, dry film formation such as a sputtering method 1s
preferable and can provide a sufliciently high film density to
make 1t possible to suppress loss current.

[0027] As the sputtering method, a reactive sputtering
method by an oxygen gas using a target formed of a metal
1s preferable.
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[0028] When the first electrode 1s heated in an oxygen
atmosphere at from 700 degrees C. through 1,100 degrees
C., the metal 1n the surface of the first electrode 1s reformed
to a metal oxide. This makes it possible to coat the surface
of the first electrode with a metal oxide film. The metal oxide
film 1s more excellent 1n the characteristic of interface
bonding with the first electrode and can hence improve the
characteristic of electron 1njection into the first electrode
needed.

[0029] The average thickness of the hole blocking layer 1s
not particularly limited, may be appropriately selected
depending on the intended purpose, and 1s preterably 10 nm
or greater but 1 micrometer or less.

<Electron Transport Layer>

[0030] The electron transport layer 1s a porous layer
provided on the hole blocking layer, and may contain a
single layer or multiple layers.

[0031] In the case of multiple layers, 1t 1s possible to form
multiple layers by coating dispersion liquids of semicon-
ductor particles having different particle diameters, or 1t 1s
also possible to form multiple layers by coating difierent
kinds of semiconductors or diflerent resin or additive com-
positions.

[0032] When a suflicient film thickness 1s not obtained
with one coating, coating of multiple layers 1s an effective
means.

[0033] Typically, an amount of a photosensitizing com-
pound supported by the electron transport layer per a umit
projected area increases as a thickness of the electron
transport layer 1s increased, leading to an increase 1n a light
capture rate. However, this also increases a distance to
which 1njected electrons diffuse, to increase loss due to
recombination of charges.

[0034] Hence, the average thickness of the electron trans-
port layer 1s preferably 100 nm or greater but 100 microm-
eters or less.

[0035] The semiconductor particles are not particularly
limited and may be appropriately selected depending on the
intended purpose. Examples of the semiconductor particles
include element semiconductors such as silicon and germa-
nium, compound semiconductors represented by chalco-
genides of metals, and compounds having a perovskite
structure. One of these kinds of semiconductor particles may
be used alone or two or more of these kinds of semicon-
ductor particles may be used in combination.

[0036] Examples of the chalcogenides of metals include:
oxides of titanium, tin, zinc, iron, tungsten, zirconium,
hatnium, strontium, indium, cerium, yttrium, lanthanum,
vanadium, niobium, and tantalum; sulfides of cadmium,
zinc, lead, silver, antimony, and bismuth; selenides of cad-
mium and lead; and telluride of cadmium.

[0037] Examples of the compound semiconductors
include: phosphides of, for example, zinc, gallium, indium,
and cadmium; gallium arsenide; copper-indium-selenide;
and copper-indium-sulfide.

[0038] Examples of the compounds having a perovskite
structure include strontium titanate, calcium titanate, sodium
titanate, barium titanate, and potassium niobate.

[0039] Among these semiconductor particles, oxide semi-
conductors are preferable, and titanium oxide, zinc oxide, tin
oxide, and niobium oxide are more preferable.
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[0040] A crystal form of the semiconductor 1s not particu-
larly limited, may be appropnately selected depending on
the intended purpose, and may be monocrystalline, poly-
crystalline, or amorphous.

[0041] The size of the semiconductor particles 1s not
particularly limited and may be appropnately selected
depending on the itended purpose. The average particle
diameter of the primary particles of the semiconductor
particles 1s preferably 1 nm or greater but 100 nm or less and
more preferably 5 nm or greater but 50 nm or less.

[0042] It 1s also possible to improve photoelectric conver-
sion efliciency based on an incident-light-scattering eflect
obtained by mixing or laminating semiconductor particles
having a greater average particle diameter.

[0043] The average particle diameter of the semiconductor
particles 1s preferably 50 nm or greater but 500 nm or less.
[0044] A method for producing the electron transport layer
1s not particularly limited and may be appropriately selected
depending on the intended purpose. Examples of the method
include a method for forming a thin film 1n vacuum, such as
sputtering, and a wet film forming method. When production
costs and other factors are taken into consideration, among
these methods, the wet film forming method 1s preferable,
and a method of preparing a paste 1n which powder or sol of
the semiconductor particles 1s dispersed, and coating a
substrate with the paste 1s more preferable.

[0045] In using the wet film forming method, a coating
method 1s not particularly limited and may be performed
according to a known method. For example, examples of the
known method include a dipping method, a spraying
method, a wire bar method, a spin coating method, a roller
coating method, a blade coating method, and a gravure
coating method. Moreover, as wet printing methods, various
methods such as letterpress, offset, gravure, intaglio, rubber
plate, and screen printing may be used.

[0046] In producing a dispersion liquid of the semicon-
ductor particles by mechanical pulverization or using a mill,
it 1s possible to form the dispersion liquid by dispersing at
least semiconductor particles alone or a mixture of semi-
conductor particles and a resin 1 water or an organic
solvent.

[0047] The resin 1s not particularly limited and may be
appropriately selected depending on the intended purpose.
Examples of the resin include polymers or copolymers of
vinyl compounds based on, for example, styrene, vinyl
acetate, acrylic ester, and methacrylic ester, silicone resins,
phenoxy resins, polysulione resins, polyvinyl butyral resins,
polyvinyl formal resins, polyester resins, cellulose ester
resins, cellulose ether resins, urethane resins, phenol resins,
epoxy resins, polycarbonate resins, polyallylate resins, poly-
amide resins, and polyimide resins. One of these resins may
be used alone or two or more of these resins may be used in
combination.

[0048] The solvent 1n which the semiconductor particles
are dispersed 1s not particularly limited and may be appro-
priately selected depending on the intended purpose.
Examples of the solvent include: water; alcohol-based sol-
vents; ketone-based solvents; ester-based solvents; ether-
based solvents; amide-based solvents; halogenated hydro-
carbon-based solvents; and hydrocarbon-based solvents.
One of these solvents may be used alone or two or more of
these solvents may be used 1n combination.

[0049] Examples of the alcohol-based solvents include
methanol, ethanol, 1sopropyl alcohol, and caerpineol.
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[0050] Examples of the ketone-based solvents include
acetone, methyl ethyl ketone, and methyl 1sobutyl ketone.
[0051] Examples of the ester-based solvents include ethyl
formate, ethyl acetate, and n-butyl acetate.

[0052] Examples of the ether-based solvents include
diethyl ether, dimethoxyethane, tetrahydrofuran, dioxolane,
and dioxane.

[0053] Examples of the amide-based solvents include
N,N-dimethylformamide, N,N-dimethylacetamide, and
N-methyl-2-pyrrolidone.

[0054] Examples of the halogenated hydrocarbon-based
solvents include dichloromethane, chloroform, bromoform,
methyl 10dide, dichloroethane, trichloroethane, trichloroeth-
ylene, chlorobenzene, o-dichlorobenzene, fluorobenzene,
bromobenzene, 1odobenzene, and 1-chloronaphthalene.
[0055] Examples of the hydrocarbon-based solvents
include n-pentane, n-hexane, n-octane, 1,5-hexadiene,
cyclohexane, methylcyclohexane, cyclohexadiene, benzene,
toluene, o-xylene, m-xylene, p-xylene, ethylbenzene, and
cumence.

[0056] For prevention of reaggregation of particles, for
example, an acid such as hydrochloric acid, nitric acid, and
acetic acid, a surfactant such as polyoxyethylene (10) octyl-
phenyl ether, and a chelate agent such as acetylacetone,
2-aminoethanol, and ethylene diamine may be added to the
dispersion liquid of the semiconductor particles or to the
paste of the semiconductor particles obtained by, for
example, a sol-gel method.

[0057] Furthermore, adding a thickener with a view to
improving a film forming property 1s an eflective means.
[0058] FExamples of the thickener include polyethylene
glycols, polyvinyl alcohols, and ethyl cellulose.

[0059] It 1s preferable to subject the semiconductor par-
ticles after coated to firing, microwave irradiation, electron
beam irradiation, or laser light irradiation in order to provide
an electronic contact between the particles, improve a film
strength, and improve close adhesiveness with the substrate.
One of these treatments may be applied alone or two or more
kinds of these treatments may be applied 1n combination.
[0060] In the firing, a firing temperature 1s not limited to
a particular range and may be appropriately selected depend-
ing on the intended purpose. However, the firing temperature
1s preferably 30 degrees C. or higher but 700 degrees C. or
lower and more preferably 100 degrees C. or higher but 600
degrees C. or lower because the resistance of the substrate
may become high or the substrate may melt 11 the tempera-
ture 1s excessively high. A firing time 1s also not particularly
limited, may be appropriately selected depending on the
intended purpose, and 1s preferably 10 minutes or longer but
10 hours or shorter.

[0061] The microwave irradiation may be given from a
side at which the electron transport layer 1s formed or from
a back side.

[0062] An wrradiation time 1s not particularly limited, may
be appropriately selected depending on the intended pur-
pose, and 1s preferably within 1 hour.

[0063] After fining, chemical plating using an aqueous
solution of titanium tetrachloride or a mixture solution of
titanium tetrachloride with an organic solvent or an electro-
chemical plating treatment using a titanium trichloride aque-
ous solution may be performed with a view to 1ncreasing a
surface area of the semiconductor particles and i1ncreasing
elliciency of electron 1njection from a photosensitizing com-
pound 1nto the semiconductor particles.




US 2018/0053863 Al

[0064] A porous state 1s formed 1n the film obtained by

depositing the semiconductor particles having a diameter of

several tens of nanometers by, for example, sintering. This
nanoporous structure has an extremely large surface area.
The surface area can be expressed by a roughness factor.

[0065] The roughness factor 1s a value representing an
actual area inside the porous texture relative to an area of the
semiconductor particles coated on the substrate. Hence, a
greater roughness factor 1s more preferable. However, con-
sidering the relationship with the thickness of the electron
transport layer, the roughness factor i1s preferably 20 or
greater.

—Photosensitizing Compound—

[0066] In the present disclosure, 1n order to further
improve the conversion efliciency, a photosensitizing com-
pound 1s adsorbed to the surface of the electron transport
semiconductor serving as the electron transport layer.

[0067] The photosensitizing compound 1s not particularly
limited and may be approprately selected depending on the
intended purpose so long as the photosensitizing compound
1s a compound optically excitable by excitation light used.
Examples of the photosensitizing compound include: metal
complex compounds described 1n, e.g., Japanese Translation
of PCT International Application Publication No. JP-T-07-
500630, and Japanese Unexamined Patent Application Pub-
lication Nos. 10-233238, 2000-26487, 2000-323191, and
2001-59062; coumarin compounds described 1n, e.g., Japa-
nese Unexamined Patent Application Publication Nos.
10-93118, 2002-164089 and 2004-953450, and J. Phys.
Chem. C, 7224, Vol. 111 (2007); polyene compounds
described 1n, e.g., Japanese Unexamined Patent Application
Publication No. 2004-95450 and Chem. Commun., 4887
(2007); indoline compounds described in, e.g., Japanese

Unexamined Patent Application Publication Nos. 2003-
264010, 2004-63274, 2004-115636, 2004-200068, and

2004-235052, 1. Am. Chem. Soc., 12218, Vol. 126 (2004),
Chem. Commun., 3036 (2003), and Angew. Chem. Int. Ed.,
1923, Vol. 47 (2008); thiophene compounds described 1n,
e.g., J. Am. Chem. Soc., 16701, Vol. 128 (2006) and J. Am.
Chem. Soc., 14256, Vol. 128 (2006); cyanine dyes described
in, e.g., Japanese Unexamined Patent Application Publica-
tion Nos. 11-86916, 11-214730, 2000-106224, 2001-76773,
and 2003-7359; merocyanine dyes described 1n, e.g., Japa-
nese Unexamined Patent Application Publication Nos.
11-214731, 11-2389035, 2001-52766, 2001-76775, and
2003-7360; 9-arylxanthene compounds described in, e.g.,
Japanese Unexamined Patent Application Publication Nos.
10-924777, 11-273754, 11-273755, and 2003-31273; triaryl-
methane compounds described 1n, e.g., Japanese Unexam-
ined Patent Application Publication Nos. 10-93118 and
2003-31273; and phthalocyanine compounds and porphyrin
compounds described 1n, e.g., Japanese Unexamined Patent
Application Publication Nos. 09-199744, 10-233238,
11-204821 and 11-265738, J. Phys. Chem., 2342, Vol. 91
(1987), 1. Phys. Chem. B, 6272, Vol. 97 (1993), Electroanal.
Chem., 31, Vol. 537 (2002), Japanese Unexamined Patent
Application Publication No. 2006-032260, J. Porphyrins
Phthalocyanines, 230, Vol. 3 (1999), Angew. Chem. Int. Ed.,
373, Vol. 46 (2007), and Langmuir, 3436, Vol. 24 (2008).
One of these photosensitizing compounds may be used alone
or two or more of these photosensitizing compounds may be
used 1n combination. Among these photosensitizing com-
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pounds, metal complex compounds, coumarin compounds,
polyene compounds, indoline compounds, and thiophene
compounds are preferable.

[0068] Preferable examples of the photosensitizing com-
pound include D131 represented by structural formula (2)
below and available from Mitsubishi Paper Mills Limited
and D102 represented by structural formula (3) below and
available from Mitsubishi1 Paper Mills Limited.

<Structural formula (2): D131>

QL
ok We

<structural formula (3): D102>

¥COOH
NC

O N

\/KS

CH,

COOH

[0069] A compound represented by general formula (2)
below 1s also preferable as the photosensitizing compound.

<(General formula (2)>

e \

COOH

[0070] Ingeneral formula (2), R represents a substituted or
unsubstituted alkyl group.

[0071] It 1s preferable that R 1n general formula (2) be an
alkyl group or a carboxylic acid group-substituted alkyl

group.
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[0072] Examples of specific exemplary compounds of
general formula (2) include, but are not limited to, D358
represented by structural formula (4) below and available
from Mitsubishi Paper Mills Limited.

[0073] Examples of a method for adsorbing the photosen-
sitizing compound to the electron transport layer include a
method of mmmersing an electron collecting electrode
including the semiconductor particles 1n a solution or dis-
persion liquid of the photosensitizing compound, and a
method of coating the electron transport layer with the
solution or the dispersion liquid of the photosensitizing
compound to adsorb the photosensitizing compound.

[0074] In the case of the method of immersing an electron
collecting electrode including the semiconductor particles 1n
a solution or dispersion liquid of the photosensitizing com-
pound, for example, an 1mmersing method, a dipping
method, a roller method, and an air knife method may be
used.

[0075] In the case of the method of coating the electron
transport layer with the solution or the dispersion liquid of
the photosensitizing compound to adsorb the photosensitiz-
ing compound, for example, a wire bar method, a slide
hopper method, an extrusion method, a curtain method, a
spinning method, and a spraying method may be used.

[0076] The photosensitizing compound may be adsorbed
under a supercritical tluid of, for example, carbon dioxide.

[0077] In adsorbing the photosensitizing compound, a
condensing agent may be used 1n combination.

[0078] The condensing agent may be any of: a substance
that 1s assumed to catalyze physical or chemical binding of
the photosensitizing compound and the electron transport
compound with a surface of an inorganic substance; and a
substance that acts stoichiometrically to cause a chemical
equilibrium to move in an advantageous manner.

[0079] Furthermore, thiol or a hydroxy compound may be
added as a condensing aid.

[0080] A solvent in which the photosensitizing compound
1s dissolved or dispersed 1s not particularly limited and may
be approprately selected depending on the intended pur-
pose. Examples of the solvent include water, alcohol-based
solvents, ketone-based solvents, ester-based solvents, ether-
based solvents, amide-based solvents, halogenated hydro-
carbon-based solvents, and hydrocarbon-based solvents.
One of these solvents may be used alone or two or more of
these solvents may be used 1n combination.
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[0081] Examples of the alcohol-based solvents include

methanol, ethanol, and 1sopropyl alcohol.

[0082] Examples of the ketone-based solvents include
acetone, methyl ethyl ketone, and methyl 1sobutyl ketone.

<sStructural formula (4): D358>

[0083] Examples of the ester-based solvents include ethyl
formate, ethyl acetate, and n-butyl acetate.

[0084] Examples of the ether-based solvents include
diethyl ether, dimethoxyethane, tetrahydrofuran, dioxolane,
and dioxane.

[0085] Examples of the amide-based solvents include
N,N-dimethylformamide, N,N-dimethylacetamide, and
N-methyl-2-pyrrolidone.

[0086] Examples of the halogenated hydrocarbon-based
solvents include dichloromethane, chloroform, bromoform,
methyl 10dide, dichloroethane, trichloroethane, trichloroeth-
ylene, chlorobenzene, o-dichlorobenzene, fluorobenzene,
bromobenzene, 1odobenzene, and 1-chloronaphthalene.
[0087] Examples of the hydrocarbon-based solvents
include n-pentane, n-hexane, n-octane, 1,5-hexadiene,
cyclohexane, methylcyclohexane, cyclohexadiene, benzene,
toluene, o-xylene, m-xylene, p-xylene, ethylbenzene, and
cumene.

[0088] Some kinds of photosensitizing compounds act
more eflectively when aggregation of the compound 1s
suppressed. Hence, a deaggregating agent may be used 1n
combination.

[0089] The deaggregating agent 1s not particularly limited
depending on the dye to be used and may be appropnately
selected depending on the intended purpose. Preferable
examples of the deaggregating agent include steroid com-
pounds such as cholic acid and chenodeoxycholic acid,
long-chain alkylcarboxylic acids, or long-chain alkylphos-
phonic acids.

[0090] The content of the deaggregating agent 1s prefer-
ably 0.01 parts by mass or greater but 500 parts by mass or
less and more preferably 0.1 parts by mass or greater but 100
parts by mass or less relative to 1 part by mass of the dye.

[0091] The temperature for adsorbing the photosensitizing
compound or the photosensitizing compound and the
deaggregating agent 1s preferably —50 degrees C. or higher
but 200 degrees C. or lower.

[0092] The adsorption may be performed 1n a still state or
under stirring.
[0093] A method for the stirring 1s not particularly limited

and may be appropriately selected depending on the
intended purpose. Examples of the method include a stirrer,
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a ball mill, a paint conditioner, a sand mill, an attritor, a
disperser, and ultrasonic dispersion.

[0094] A time needed for the adsorption 1s preferably 5
seconds or longer but 1,000 hours or shorter, more prefer-
ably 10 seconds or longer but 500 hours or shorter, and yet
more preferably 1 minute or longer but 150 hours.

[0095]
place.

It 1s pretferable to perform the adsorption 1n a dark

<Hole Transport Layer>

[0096] The hole transport layer contains a hole transport
matenal, preferably contains a basic compound and lithium
bis(trifluoromethanesulfonyl)imide, and further contains
other components as needed.

[0097] The hole transport layer may have a single-layer
structure or a laminated structure formed of diflerent com-
pounds. In the case of the laminated structure, 1t 1s preferable
to use a polymer as a hole transport material in the hole
transport layer near the second electrode. This 1s because use
of a polymer having an excellent film forming property can
make the surface of the porous electron transport layer
smoother and can improve the photoelectric conversion
characteristic.

[0098] Furthermore, 1t 1s diflicult for a polymer to perme-
ate the 1nside of the porous electron transport layer. This 1n
turns makes the polymer excellent 1n coating the surface of
the porous electron transport layer and effective for prevent-
ing short circuiting when an electrode 1s provided, leading to
a higher performance.

—Hole Transport Material—

[0099] A hole transport material used 1n a single-layer
structure 1s not particularly limited and may be appropnately
selected depending on the itended purpose. Examples of
the hole transport material include: oxadiazole compounds
presented 1n, e.g., Japanese Examined Patent Publication
No. 34-5466; triphenylmethane compounds presented in,
¢.g., Japanese Examined Patent Publication No. 45-553;
pyrazoline compounds presented 1n, e.g., Japanese Exam-
ined Patent Publication No. 52-4188; hydrazone compounds
presented 1n, e.g., Japanese Examined Patent Publication
No. 55-42380; oxadiazole compounds presented 1n, e.g.,
Japanese Unexamined Patent Application Publication No.
56-123544; tetraarylbenzidine compounds presented 1n
Japanese Unexamined Patent Application Publication No.
54-584435; and stilbene compounds presented in Japanese
Unexamined Patent Application Publication No. 58-65440
or Japanese Unexamined Patent Application Publication No.
60-9843°/. One of these hole transport materials may be used
alone or two or more of these hole transport materials may
be used 1n combination.

[0100] Among these hole transport materials, a hole trans-
port matertal (2,2',7,7'-tetrakis(IN,N-di-p-methoxyphe-
nylamino)-9,9'-spirobifluorene: spiro-OMeTAD) described
in “J. Am. Chem. Soc., 133 (2011) 18042” and a hole
transport material (2,2',7,7'-tetrakis(IN,N-di-p-methoxyphe-
nylamino)-9,9'-spirobitluorene) described in “J. Am. Chem.
Soc., 135 (2013) 73778” are preferable 1n terms of photo-
clectric conversion efliciency. Spiro-OMeTAD 1s particu-
larly preferable. The spiro-OMeTAD 1s represented by struc-
tural formula (1) below.
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<Structural formula (1)>

[0101] The spiro-OMeTAD has a high Hall mobility and
includes two benzidine skeleton molecules that are bound
with each other in a twisted state. Hence, the spiro-
OMeTAD forms an electron cloud close to a spherical shape
and has a good hopping conductivity between the molecules,
leading to a more excellent photoelectric conversion char-
acteristic. The spiro-OMeTAD also has a high solubility, 1s
soluble 1n various organic solvents, and 1s amorphous (1.e.,
an amorphous substance having no crystalline structure).
Therefore, the spiro-OMeTAD 1s likely to be densely filled
in the porous electron transport layer and has properties
useful for a solid dye-sensitized solar cell. Moreover, the
spiro-OMeTAD does not have a light absorbing property at
450 nm or longer. Theretfore, the spiro-OMeTAD can enable
light to be efliciently absorbed into the photosensitizing
compound, and has a property useful for a solid dye-
sensitized solar cell. A thickness of the hole transport layer
formed of the spiro-OMeTAD i1s not limited. It 1s preferable
that the hole transport layer have a structure of intruding into
volds of the porous electron transport layer, and 1t 1s pref-
erable that the hole transport layer have a thickness of
preferably 0.01 micrometers or greater and more preferably
0.1 micrometers or greater but 10 micrometers or less on the
clectron transport layer.

[0102] A known hole transportable polymer 1s used as the
polymer to be used near the second electrode in the hole
transport layer used 1n the form of the laminated structure.

[0103] Examples of the hole transportable polymer
include polythiophene compounds, polyphenylenevinylene
compounds, polytluorene compounds, polyphenylene com-
pounds, polyarylamine compounds, and polythiadiazole
compounds. One of these hole transportable polymers may
be used alone or two or more of these hole transportable
polymers may be used 1in combination.

[0104] Examples of the polythiophene compounds include
poly(3-n-hexylthiophene),  poly(3-n-octyloxythiophene),
poly(9,9'-dioctyl-tluorene-co-bithiophene), poly(3,3'-dido-
decyl-quarter thiophene), poly(3,6-dioctylthieno[3,2-b]thio-
phene), poly(2,5-bis(3-decylthiophen-2-yl)thieno[3,2-b]
thiophene), poly(3,4-didecylthiophene-co-thieno[3,2-b]
thiophene), poly(3,6-dioctylthieno[3,2-b]thiophene-co-




US 2018/0053863 Al

thieno[3,2-b]thiophene), poly(3,6-dioctylthieno[3,2-b]
thiophene-co-thiophene), and poly(3,6-dioctylthieno[3,2-b]
thiophene-co-bithiophene).

[0105] Examples of the polyphenylenevinylene com-
pounds 1nclude poly[2-methoxy-5-(2-ethylhexyloxy)-1.,4-
phenylenevinylene], poly[2-methoxy-3-(3,7-dimethylocty-
loxy)-1,4-phenylenevinylene], and poly[(2-methoxy-3-(2-
cthylphexyloxy)-1,4-phenylenevinylene)-co-(4,4'-
biphenylene-vinylene)].

[0106] Examples of the polyfluorene compounds include
poly(9,9'-didodecylfluorenyl-2,7-diyl), poly[(9,9-dioctyl-2,
7-divinylenefluorene)-alt-co-(9, 10-anthracene)], poly[(9,9-
dioctyl-2,7-divinylenetluorene)-alt-co-(4,4'-biphenylene)],
poly[(9,9-dioctyl-2,7-divinylenefluorene)-alt-co-(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylene)], and poly[(9,
9-dioctyl-2,7-diyl)-co-(1,4-(2,5-dihexyloxy)benzene)].

[0107] Examples of the polyphenylene compounds
include poly[2,5-dioctyloxy-1,4-phenylene] and poly[2,5-di
(2-ethylhexyloxy-1,4-phenylene].

[0108] Examples of the polyarylamine compounds include
poly[(9,9-dioctyltluorenyl-2,7-diyl)-alt-co-(N,N'-diphenyl )-
N,N-di(p-hexylphenyl)-1,4-diaminobenzene], poly[(9,9-di-
octylfluorenyl-2,7-diyl)-alt-co-(IN,N-bis(4-octyloxyphenyn-
benzidine-N,N'-(1,4-diphenylene)], poly[(N,N'-b1s(4-
octyloxyphenyl)benzidine-N,N'-(1.4-diphenylene)], poly
[ (N,N'-b1s(4-(2-ethylhexyloxy)phenyl)benzidine-N,N'-(1,4-
diphenylene)], poly[phenylimino-1.4-phenylenevinylene-2,
S-dioctyloxy-1.4-phenylenevinylene-1.,4-phenylen], poly[p-
tolylimino-1,4-phenylenevinylene-2,5-di(2-ethylhexyloxy)-
1.4-phenylenevinylene-1.4-phenylen], and  poly[4-(2-
cthylhexyloxy)phenylimino-1,4-biphenylen].

[0109] Examples of the polythiadiazole compounds
include poly[(9,9-dioctyltluorenyl-2,7-diyl)-alt-co-(1,4-
benzo(2,1',3)thiadiazole] and poly(3.,4-didecylthiophene-co-
(1,4-benzo(2,1',3)thiadiazole).

[0110] Among these hole transportable polymers, the
polythiophene compounds and the polyarylamine com-
pounds are particularly preferable in terms of carrier mobil-
ity and 1omization potential.

[0111] With a view to improving conductivity, an oxidiz-
ing agent for changing part of the hole transport matenal to
a radical cation may be added.

[0112] Examples of the oxidizing agent include tris(4-
bromophenyl)aminium  hexachloroantimonate,  silver
hexatluoroantimonate, nitrosonium tetratfluoroborate, silver
nitrate, and cobalt complex-based compounds.

[0113] There 1s no need that the whole of the organic hole
transport material be oxidized by addition of the oxidizing
agent. Only part of the organic hole transport material needs
to be oxidized. It 1s optional whether the added oxidizing
agent 1s removed or not to the outside of the system after
addition.

—Basic Compound—

[0114] By the hole transport layer containing a basic
compound represented by general formula (1) below, a high
open circuit voltage can be obtained. Furthermore, an inter-
nal resistance 1n the photoelectric conversion element rises
to enable reduction of loss current under weak light such as
room light. Hence, 1t 1s possible to obtain an open circuit
voltage higher than obtained with an existing basic com-
pound.
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<(General formula (1)>

p—— R
/ /

N \ / N\RE

[0115] In general formula (1), R, and R, represent a
substituted or unsubstituted alkyl group or aromatic hydro-
carbon group and may be i1dentical or different, and R, and
R, may bind with each other to form a substituted or
unsubstituted heterocyclic group containing a mitrogen atom.

[0116] Hitherto, basic compounds of general formula (1)
such as compounds Nos. 2-1 and 2-3 have been known to be
used as basic compounds 1n 10dine electrolytic solution-type
dye-sensitized solar cells. These compounds have been
reported to provide a high open circuit voltage, but to
significantly reduce a short-circuiting current density and
considerably worsen a photoelectric conversion character-
1stic.

[0117] The hole transport layer uses the hole transport
maternial and 1s different from a hole transport model based
on, for example, the 1odine electrolytic solution. Hence,
reduction of a short-circuiting current density 1s low and a
high open circuit voltage can be obtained, to make 1t
possible to obtain an excellent photoelectric conversion
characteristic. Furthermore, 1t was possible to verity that a
particularly outstanding excellent performance was exhib-
ited 1n photoelectric conversion under weak light such as
room light. This photoelectric conversion 1s a scarcely
reported case.

[0118] Specific exemplary compounds of general formula
(1) will be presented below. However, these compounds are
non-limiting examples. Note that “Nikkajr No.” presented
below indicates a number 1 Japan Chemical Substance
Dictionary and 1s based on an organic compound database
administered by Japan Science and Technology Agency.

<Compound No. 2-1, Nikkaji No. J31.394G>

CH;
N// \ N/
\— \CH

<Compound No. 2-2, Nikkaji No. J2.748.250C>

3

N// \ N
\—
/N

<Compound No. 2-3, Nikkaji No. J174K>
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-continued
<Compound No. 2-4, Nikkaj1 No. J880.4591>

N/ \ N/CH3
e
7\

<Compound No. 2-5, Nikkaj1 No. J1.983.963]>
CHj
O
G

—Method for Synthesizing Basic Compound Represented
by General Formula (1)—

[0119] As a method for synthesizing the basic compound
represented by general formula (1), there 1s the following
casy synthesizing route, which 1s reported 1n “J. Org. Chem.,

67 (2002) 3029”.

/T /
N\\ / X HI*I\R2 —

N/_ N/Rl
\ 7/ \

[0120] In general formula (1), R, and R, represent a
substituted or unsubstituted alkyl group or aromatic hydro-
carbon group and may be identical or different. R, and R,
may bind with each other to form a substituted or unsub-
stituted heterocyclic group containing a nitrogen atom. X
represents a halogen.

[0121] The amount of the basic compound represented by
general formula (1) to be added 1n the hole transport layer 1s
preferably 1 part by mass or greater but 30 parts by mass or
less and more preferably 10 parts by mass or greater but 20
parts by mass or less relative to 100 parts by mass of the hole
transport material.

[0122] By the basic compound represented by general
formula (1) being contained, an internal resistance in the
photoelectric conversion element becomes even higher, to
enable reduction of loss current under weak light (from 50
Lux through 300 Lux) such as room light.

[0123] The hole transport layer can contain a lithium
compound such as lithium bis(trifluoromethanesulifonyl Jim-
ide, lithtum trifluoromethane sulfonylimide, and lithium
duisopropylimide. Among these lithium compounds, lithium
bis(trifluoromethanesulfonyl)imide 1s preferable.

—Other Components—

[0124] The other components are not particularly limited
and may be appropriately selected depending on the
intended purpose. Examples of the other components
include metal 10dides, 1odine salts of quaternary ammonium
compounds, metal bromides, bromine salts of quaternary
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ammonium compounds, metal chlorides, metal acetates,
metal sulfates, metal complexes, sulfur compounds, 10nic
liquids described 1n Inorg. Chem. 35 (1996) 1168, basic
compounds, and 1-n-hexyl-3-methyl imidazolinium bis(tri-
fluoromethylsulfonyljimide.

[0125] Examples of the metal 1odides include 1odine,
lithium 10dide, sodium 1odide, potassium 1odide, cesium
10dide, calctum 10dide, copper 10dide, 1ron 10dide, and silver
10dide.

[0126] Examples of the 1odine salts of quaternary ammo-
nium compounds include tetraalkylammonium 1odide and
pyridinium 1odide.

[0127] Examples of the metal bromides include lithium
bromide, sodium bromide, potassium bromide, cesium bro-
mide, and calcium bromide.

[0128] FExamples of the bromine salts of quaternary
ammonium compounds include tetraalkylammonium bro-
mide and pyridinium bromaide.

[0129] Examples of the metal chlorides include copper
chloride and silver chloride.

[0130] Examples of the metal acetates include copper
acetate, silver acetate, and palladium acetate.

[0131] Examples of the metal sulfates include copper
sulfate and zinc sulfate.

[0132] Examples of the metal complexes include ferro-
cyanate-ferricyanate and ferrocene-ferricinium 1on.

[0133] Examples of the sulfur compounds include poly-
sodium sulfide and alkyl thiol-alkyl disulfide.

[0134] Examples of the 1onic liquids described 1n Inorg.
Chem. 35 (1996) 1168 include viologen dyes, hydroquinone,
etc., 1,2-dimethyl-3-n-propylimidazolinium 10dide,
1 -methyl-3-n-hexylimidazolinium 1odide, 1,2-dimethyl-3-
cthylimidazoliumtrifluoromethane  sulfonic acid  salt,
1 -methyl-3-butylimidazoliumnonafluorobutyl sulfonic acid
salt, and 1-methyl-3-ethylimidazoliumbis(tritfluoromethyl)
sulfonylimide.

[0135] Examples of the basic compounds include pyri-
dine, 4-t-butylpyridine, and benzimidazole.

[0136] The hole transport layer may be formed directly on
the electron transport layer supporting the photosensitizing
compound.

[0137] A method for producing the hole transport layer 1s
not particularly limited and may be appropriately selected
depending on the intended purpose. Examples of the method
include a method for forming a thin film 1n vacuum, such as
vacuum vapor deposition, and a wet film forming method.
Of these methods, considering production costs and other
factors, the wet film forming method 1s preferable, and a
method for coating the electron transport layer with the hole
transport layer 1s more preferable.

[0138] The coating method 1s not particularly limited and
may be appropriately selected depending on the intended
purpose. Examples of the coating method include a dipping
method, a spraying method, a wire bar method, a spin
coating method, a roller coating method, a blade coating
method, and a gravure coating method. As wet printing
methods, various methods such as letterpress, oflset, gra-
vure, itaglio, rubber plate, and screen printing can be used.
Film formation may be performed under a supercritical fluid
or a subcritical fluid having a temperature/pressure lower
than a critical point.

[0139] The supercritical flmd 1s not particularly limited
and may be appropriately selected depending on the
intended purpose so long as the supercritical fluid exists as
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a non-condensable high-density fluid in temperature and
pressure ranges higher than a limit (critical point) until
which a gas and a liqmd can coexist, and even when
compressed, does not condense but 1s maintained at higher
than or equal to a critical temperature and higher than or
equal to a critical pressure. However, a supercritical flmd
having a low critical temperature 1s preferable.

[0140] Examples of the supercritical fluid include carbon
monoxide, carbon dioxide, ammonia, nitrogen, water, alco-
hol-based solvents such as methanol, ethanol, and n-butanol,
hydrocarbon-based solvents such as ethane, propane, 2,3-
dimethylbutane, benzene, and toluene, halogen-based sol-
vents such as methylene chloride and chlorotrifluorometh-
ane, and ether-based solvents such as dimethyl ether. One of
these supercritical tluids may be used alone or two or more
of these supercritical fluids may be used in combination.

[0141] Among these supercritical fluids, carbon dioxide 1s
particularly preferable because carbon dioxide has a critical
pressure of 7.3 MPa and a critical temperature of 31 degrees
C., and hence can form a supercritical state easily and 1is
incombustible and easy to handle.

[0142] The subcritical fluid 1s not particularly limited and
may be appropriately selected depending on the intended
purpose so long as the subcritical fluid exists as a high-
pressure liquid 1n temperature and pressure ranges near
critical points.

[0143] The compounds raised above as examples of the
supercritical tluid can also be used favorably as the subcriti-

cal fluid.

[0144] A critical temperature and a critical pressure of the
supercritical fluid are not particularly limited and may be
approprately selected depending on the intended purpose.
However, the critical temperature 1s preferably -2°73 degrees
C. or higher but 300 degrees C. or lower and more preferably
0 degrees C. or higher but 200 degrees C. or lower.

[0145] In addition to the supercritical fluid and the sub-
critical fluid, an organic solvent and an entrainer may further
be used 1n combination. Addition of an organic solvent and
an enfrainer makes it easier to adjust solubility to the
supercritical fluid.

[0146] The organic solvent 1s not particularly limited and
may be appropriately selected depending on the intended
purpose. Examples of the organic solvent include ketone-
based solvents, ester-based solvents, ether-based solvents,
amide-based solvents, halogenated hydrocarbon-based sol-
vents, and hydrocarbon-based solvents.

[0147] Examples of the ketone-based solvents include
acetone, methyl ethyl ketone, and methyl 1sobutyl ketone.

[0148] Examples of the ester-based solvents include ethyl
formate, ethyl acetate, and n-butyl acetate.

[0149] Examples of the ether-based solvents include diiso-
propyl ether, dimethoxyethane, tetrahydrofuran, dioxolane,
and dioxane.

[0150]
N,N-dimethylformamaide,
N-methyl-2-pyrrolidone.
[0151] Examples of the halogenated hydrocarbon-based
solvents include dichloromethane, chloroform, bromoform,
methyl 10dide, dichloroethane, trichloroethane, trichloroeth-

ylene, chlorobenzene, o-dichlorobenzene, fluorobenzene,
bromobenzene, 1odobenzene, and 1-chloronaphthalene.

[0152]
include n-pentane, n-hexane, n-octane,

Examples of the amide-based solvents include
N,N-dimethylacetamide, and

Examples of the hydrocarbon-based solvents
1,5-hexadiene,
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cyclohexane, methylcyclohexane, cyclohexadiene, benzene,
toluene, o-xylene, m-xvylene, p-xylene, ethylbenzene, and
cumene.

[0153] In the present disclosure, a press process step may
be performed aifter the hole transport layer 1s provided over
the first electrode over which the electron transport layer
coated with the photosensitizing compound 1s provided.
[0154] It 1s considered that the press process makes close
adhesion of the organic hole transport material with the
porous electrode stronger to improve efliciency.

[0155] A method for the press process 1s not particularly
limited and may be appropriately selected depending on the
intended purpose. Examples of the method include a press
forming method using a flat plate represented by an IR tablet
molding machine, and a roll press method using, for
example, a roller.

[0156] A pressure is preferably 10 kgf/cm?® or higher and
more preferably 30 kgf/cm” or higher. A time for which the
press process 1s performed 1s not particularly limited, and 1s
preferably within 1 hour. Heat may be applied during the
press process.

[0157] In the press process, a release material may be
interposed between a press machine and the electrode.
[0158] The release material 1s not particularly limited and
may be appropriately selected depending on the intended
purpose. Examples of the release material include fluorores-
ins such as polytetratluoroethylene, polychlorotrifluoroeth-
ylene, tetrafluoroethylene-hexafluoropropylene copolymers,
pertluoroalkoxy fluoride resins, polyvinylidene fluoride, eth-
ylene-tetrafluoroethylene copolymers, ethylene-chlorotrii-
luoroethylene copolymers, and polyvinyl fluoride. One of
these release materials may be used alone or two or more of
these release materials may be used 1in combination.
[0159] Adter the press process step, a metal oxide layer
may be provided between the hole transport layer and the
second electrode, before the second electrode 1s provided.
[0160] Examples of the metal oxide layer include molyb-
denum oxide, tungsten oxide, vanadium oxide, and nickel
oxide. Among these metal oxide layers, molybdenum oxide
1s preferable.

[0161] A method for providing the metal oxide layer on
the hole transport layer 1s not particularly limited and may
be appropriately selected depending on the intended pur-
pose. Examples of the method 1include methods for forming
a thin film 1n vacuum, such as sputtering and vacuum vapor
deposition, and a wet film forming method.

[0162] As the wet film forming method, a method of
preparing a paste 1n which powder or sol of the metal oxide
1s dispersed, and coating the hole transport layer with the
paste 1s preferable.

[0163] In using the wet film forming method, a coating
method 1s not particularly limited and may be performed
according to a known method. Examples of the known
method include a dipping method, a spraying method, a wire
bar method, a spin coating method, a roller coating method,
a blade coating method, and a gravure coating method.
Moreover, as wet printing methods, various methods such as
letterpress, oflset, gravure, intaglio, rubber plate, and screen
printing may be used.

[0164] The average thickness of the metal oxide layer 1s
not particularly limited, may be appropriately selected
depending on the intended purpose, and 1s preferably 0.1 nm
or greater but 50 nm or less and more preferably 1 nm or
greater but 10 nm or less.
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<Second Electrode>

[0165] The second electrode 1s not particularly limited so
long as the second electrode 1s a conductive film having
transmissivity to light. Known conductive films used in
typical photoelectric conversion elements or, for example,
liquid crystal panels may be used.

[0166] The transmissivity to light means that transmit-
tance of visible light 1s 50% or lhigher and more preferably
70% or higher.

[0167] The transmittance of visible light can be measured
with, for example, an ultraviolet-visible (UV-vis) spectros-
copy method.

[0168] Examples of the second electrode include: metals
such as platinum, gold, silver, copper, and aluminium, or
nanowire of these metals; carbon-based compounds such as
graphite, fullerene, carbon nanotube, and graphene; conduc-
tive metal oxides such as indium tin oxide, fluorine-doped
tin oxide, and antimony-doped tin oxide; conductive poly-
mers such as polythiophene and polyaniline; and PEDOT/
PSS. One of these materials may be used alone or two or
more of these materials may be used in combination.
[0169] Among these materials, polythiophene, PEDOT/
PSS, and metal nanowire are preferable.

[0170] With a metal wire of, for example, silver dispersed,
a low electric resistance can be obtained while transmissiv-
ity to light 1s maintained.

[0171] With a view to lowering a resistance, for example,
a metal lead line may be used in combination. Examples of
the material of the metal lead line include metals such as
aluminium, copper, silver, gold, platinum, and nickel. The
metal lead line can be formed on the second electrode film
by, for example, screen printing and vapor deposition.
[0172] The thickness of the second electrode layer 1s not
particularly limited. The second electrode needs to have
transmissivity to light, and may use a single material or a
mixture of 2 or more materials.

[0173] The second electrode 1s formed on the hole trans-
port layer.
[0174] Formation of the second electrode by coating can

be performed by appropriate methods such as coating,
lamination, vapor deposition, CVD, and pasting on the hole
transport layer, depending on the kind of the matenial used
and the kind of the hole transport layer.

[0175] In order to operate as a dye-sensitized solar cell, at
least one of the first electrode and the second electrode needs
to be substantially transparent (transmissive to light). In the
present disclosure, the second electrode side 1s transparent.
A preferable manner 1s that sunlight 1s made imncident from
the second electrode side. In this case, 1t 1s preferable to use
a light-reflecting material at the first electrode side. Metals,
glass on which a conductive oxide 1s vapor-deposited,
plastics, and metallic thin films are preferable.

[0176] Providing an antireflection layer at a sunlight 1nci-
dent side 1s also an effective means.

[0177] The configuration of the photoelectric conversion
clement will be described with reference to FIG. 1. FIG. 1
1s an example ol a cross-sectional view of a photoelectric
conversion element and a solar cell.

[0178] The embodiment 1llustrated 1n FIG. 1 1s a configu-
ration example 1n which a first electrode 2 1s formed on a
substrate 1, a hole blocking layer 3 1s formed on the first
clectrode 2, an electron transport layer 4 1s formed on the
hole blocking layer 3, a photosensitizing compound 5 1s
adsorbed to the electron transport material 1n the electron
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transport layer 4, and a hole transport layer 6 1s interposed
between the first electrode 2 and a second electrode 7
counter to the first electrode 2. The configuration example
illustrated 1n FIG. 1 also includes lead lines 8 and 9 provided
in a manner to make the first electrode 2 and the second
clectrode 7 electrically continuous. Note that no substrate 1
1s needed when the first electrode 2 has hardness.

<Applications>

[0179] In the present disclosure, the photoelectric conver-
s1on element refers to an element configured to convert light
energy to electric energy or an element configured to convert
clectric energy to light energy. Specific examples of the
photoelectric conversion element include a solar cell and a
photodiode.

[0180] The photoelectric conversion element of the pres-
ent disclosure can be applied to a power supply device when
combined with, for example, a circuit board configured to
control a generated current. Examples of devices utilizing
the power supply device include a desk-top electronic cal-
culator and a wristwatch. In addition, the power supply
device including the photoelectric conversion element of the
present disclosure can be applied to, for example, a portable
phone, an electronic organizer, and an electronic paper. The
power supply device including the photoelectric conversion
clement of the present disclosure can also be used as an
auxiliary power supply mntended for extending a continu-
ously usable time of chargeable or dry cell-operated electric
appliances.

EXAMPLES

[0181] Examples of the present disclosure will be
described below. However, the present disclosure should not
be construed as being limited to the Examples.

[0182] In Examples and Comparative Examples below,
being transmissive to light means that transmittance of
visible light 1s 50% or higher, and being opaque to light
means that transmittance of visible light 1s lower than 50%.
[0183] The transmittance of visible light was measured
with V-660DS (available from Jasco Corporation), which
was an ultraviolet-visible (UV-vis) spectrometer.

Example 1

<Production of Titanium Oxide Semiconductor Electrode>

[0184] As a first electrode, a titanium foil (opaque) having
a thickness of 50 micrometers was subjected to a heating
treatment 1n a firing furnace (available from Furutech Co.,
Ltd., FIM-1300G-400) 1n an oxygen atmosphere at 750
degrees C. for 30 minutes, to obtain a first electrode on
whose surface a dense hole blocking layer formed of tita-
nium oxide was formed.

[0185] Next, titantum oxide (available from Nippon Aero-
s11 Co., Ltd., P90) (3 g), acetylacetone (0.2 g), and a
surfactant (available from Wako Pure Chemical Industries,
Ltd., polyoxyethylene octylphenyl ether) (0.3 g) were sub-
jected to a bead mill treatment for 12 hours together with
water (3.5 g) and ethanol (1.0 g), to obtain a titanium oxide
dispersion liquid.

[0186] Polyethylene glycol (#20,000, available from
Wako Pure Chemical Industries, Ltd.) (1.2 g) was added to
the obtained titanium oxide dispersion liquid, to produce a
paste.



US 2018/0053863 Al

[0187] The obtained paste was coated on the hole blocking
layer to have an average thickness of 1.5 micrometers, dried
at room temperature, and then fired 1n the air at 500 degrees
C. for 30 minutes, to form a porous electron transport layer.
In the way described above, a titanium oxide semiconductor
electrode was produced.

<Production of Dye-Sensitized Solar Cell>

[0188] The titantum oxide semiconductor electrode was
immersed 1 a sensitizing dye, which was D358 available
from Mitsubishi Paper Mills Limited and represented by
structural formula (4) below (0.5 mM, an acetonitrile/t-
butanol (at a volume ratio of 1:1) solution), and lett to stand
still for 1 hour 1n a dark place, to adsorb the photosensitizing
compound.

[0189] Next, lithum bis(trifluoromethanesulifonyl)imide
(with a solid content of 1% by mass, available from Kanto
Chemical Co., Inc.) (12.83 mg) and an exemplary basic
compound No. 2-1 represented by a structural formula
below (with a solid content of 1.4% by mass) (18.3 mg) were
added to a chlorobenzene solution (with a solid content of
14% by mass) (1.28 g) of a hole transport material (available
from Luminescence Technology Corp., name: N,N,N'N'-
tetrakis(4-methoxyphenyl)benzidine, product number:
[LT-N212), to prepare a hole transport layer coating liquid.

<Compound No. 2-1>

CH;
N/ \ N/
\— \CH3

[0190] Next, the hole transport layer coating liquid was
spin-coated on the semiconductor electrode supporting the
photosensitizing compound, to form a hole transport layer.
[0191] Next, a film of a paste (transmissive) of PEDOT/
PSS (available from Sigma-Aldrich Co., LLC, ORGA-
CON™ EL-P-5015) was formed on the hole transport layer
by screen printing, and heated and dried at 100 degrees C.
for 30 minutes, to form a second electrode. In the way
described above, a dye-sensitized solar cell was produced.

<Evaluation of Dye-Sensitized Solar Cell>

[0192] An open circuit voltage, a short-circuiting current
density, and a photoelectric conversion efliciency of the
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obtained dye-sensitized solar cell under white LED 1rradia-
tion (300 Lux: 75 microwatts/cm®, 100 Lux: 25 microwatts/
cm®, and 50 Lux: 12.5 watts/cm”) were measured. The
results are presented in Table 1-1 to Table 1-3.

[0193] The measurement was performed using a desk
lamp CDS-90c. (study mode) available from Cosmotechno.
Co., Ltd. as the white LED, and a solar cell evaluation
system AS-510-PVO03 available from NF Corporation as an
evaluator.

Example 2

[0194] A solar cell was produced 1n the same manner as 1n
Example 1, except that unlike 1n Example 1, N,IN,N',N'-
tetrakis(4-methoxyphenyl)benzidine, which was the hole
transport material, was changed to spiro-OMeTAD repre-

<Structural formula (4)>

sented by structural formula (1) (available from Merck
KGaA, name: 2,27, 7-tetrakis(N,N-di-p-methoxyphe-
nylamino)-9,9'-spirobitluorene, product number: SHT-263).
An open circuit voltage, a short-circuiting current density,
and a photoelectric conversion efliciency were measured 1n

the same manner as in Example 1. The results are presented
in Table 1-1 to Table 1-3.

Example 3

[0195] A solar cell was produced 1n the same manner as 1n
Example 2, except that unlike in Example 2, the titanium foil
as the first electrode was changed to a metal foi1l (opaque)
having a three-layer structure formed of titanium (with a
thickness of 20 micrometers)/stainless steel (with a thick-
ness of 60 micrometers)/titanium (with a thickness of 20
micrometers). An open circuit voltage, a short-circuiting
current density, and a photoelectric conversion efliciency
were measured 1n the same manner as 1 Example 1. The
results are presented i Table 1-1 to Table 1-3.

Example 4

[0196] A solar cell was produced 1n the same manner as 1n
Example 2, except that unlike in Example 2, PEDOT/PSS as
the second electrode was changed to a coating liquid (trans-
missive) of silver nanowire (available from Sigma-Aldrich
Co., LLC, product number: 730777). An open circuit volt-
age, a short-circuiting current density, and a photoelectric
conversion efliciency were measured in the same manner as
in Example 1. The results are presented 1n Table 1-1 to Table

1-3.
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Example 5

[0197] A solar cell was produced 1n the same manner as 1n
Example 2, except that unlike 1n Example 2, lithium bis
(trifluoromethanesulfonyl imide for the hole transport layer
was changed to 1-n-hexyl-3-methyl imidazolintum bis(trii-
luoromethylsulfonyl Jimide. An open circuit voltage, a short-
circuiting current density, and a photoelectric conversion
elliciency were measured 1n the same manner as 1n Example
1. The results are presented in Table 1-1 to Table 1-3.

Example 6

[0198] A solar cell was produced in the same manner as 1n
Example 2, except that unlike in Example 2, the exemplary
basic compound No. 2-1 was changed to an exemplary basic
compound No. 2-3 represented by a structural formula
below. An open circuit voltage, a short-circuiting current
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[0202] The obtained paste was coated on the hole blocking
layer to have a thickness of 1.5 micrometers, dried at room
temperature, and fired in the air at 500 degrees C. for 30

minutes, to form a porous electron transport layer. In the way
described above, a titantum oxide semiconductor electrode

was produced.

<Production of Dye-Sensitized Solar Cell>

[0203] The titanium oxide semiconductor electrode was

immersed 1 a sensitizing dye, which was D358 available
from Mitsubishu Paper Mills Limited and represented by
structural formula (4) below (0.5 mM, an acetonitrile/t-
butanol (at a volume ratio of 1:1) solution), and left to stand
still for 1 hour 1n a dark place, to adsorb the photosensitizing
compound.

<Structural formula (4)>

density, and a photoelectric conversion efliciency were mea-

sured 1n the same manner as in Example 1. The results are
presented 1 Table 1-1 to Table 1-3.

O-C

Example 7

<Compound No. 2-3>

<Production of Titanium Oxide Semiconductor Electrode>

[0199] By a reactive sputter method by an oxygen gas
using a target formed of metal titantum, a first electrode
formed of titantum (opaque) and having a thickness of 100
um and a dense hole blocking layer formed of titanium oxide
and having a thickness of 10 nm were formed on a glass
substrate.

[0200] Next, titantum oxide (available from Nippon Aero-
s11 Co., Ltd., P90) (3 g), acetylacetone (0.2 g), and a
surfactant (available from Wako Pure Chemical Industries,
Ltd., polyoxyethylene octylphenyl ether) (0.3 g) were sub-
jected to a bead mill treatment for 12 hours together with
water (5.5 g) and ethanol (1.0 g).

[0201] Polyethylene glycol (#20,000, available from
Wako Pure Chemical Industries, Ltd.) (1.2 g) was added to
the obtained dispersion liquid, to produce a paste.

[0204] Next, lithium bis(trifluoromethanesulionyl)imide
(with a solid content of 1% by mass, available from Kanto
Chemical Co., Inc.) (12.83 mg) and an exemplary basic
compound No. 2-1 represented by a structural formula
below (with a solid content o1 1.4% by mass) (18.3 mg) were
added to a chlorobenzene solution (with a solid content of

14% by mass) (1.28 g) of a hole transport material, which
was sp1ro-OMeTAD represented by structural formula (1)
(available from Merck KGaA, name: 2,2".7,7'-tetrakis(N,N-
di-p-methoxyphenylamino)-9,9'-spirobifluorene,  product
number: SHT-263), to prepare a hole transport layer coating
liquad.

<Compound No. 2-1>

CH,;
N// \ N/
o \
CHa

[0205] Next, the hole transport layer coating liquid was
spin-coated on the semiconductor electrode supporting the
photosensitizing compound, to form a hole transport layer.

[0206] Next, a film of a paste (transmissive) of PEDOT/
PSS (available from Sigma-Aldrich Co., LLC, ORGA-
CON™ E[.-P-5015) was formed on the hole transport layer
by screen printing, and heated and drnied at 100 degrees C.
for 30 minutes, to produce a second electrode, to produce a
dye-sensitized solar cell was produced.
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[0207] An open circuit voltage, a short-circuiting current
density, and a photoelectric conversion efliciency of the
obtained dye-sensitized solar cell were measured 1n the same
manner as 1n Example 1. The results are presented in Table

1-1 to Table 1-3.

Comparative Example 1

[0208] A solar cell was produced 1n the same manner as 1n
Example 1, except that unlike in Example 1, the titanium foil
(opaque) as the first electrode and the hole blocking layer
formed of titanium oxide formed on the titanium foil were
changed to an I'TO-based glass substrate (transmissive) and
a dense hole blocking layer of titanium oxide formed on the
I'TO-based glass substrate by a reactive sputter method by an
oxygen gas using a target formed of metal titantum. An open
circuit voltage, a short-circuiting current density, and a
photoelectric conversion efliciency were measured 1n the
same manner as in Example 1. The results are presented 1n

Table 1-1 to Table 1-3.

Comparative Example 2

[0209] A solar cell was produced 1n the same manner as 1n
Example 1, except that unlike in Example 1, the titanium foil
as the first electrode was changed to a stainless steel foil
(opaque), and a hole blocking layer formed of titanium oxide
was formed on the stainless steel fo1l by a reactive sputter
method by an oxygen gas using a target formed of metal
titanium. An open circuit voltage, a short-circuiting current
density, and a photoelectric conversion efliciency were mea-

sured 1n the same manner as in Example 1. The results are
presented 1n Table 1-1 to Table 1-3.

Comparative Example 3

[0210] A solar cell was produced 1n the same manner as 1n
Example 2, except that unlike in Example 2, the titanium foil
(opaque) as the first electrode and the hole blocking layer
formed of titamium oxide formed on the titantum foil were
changed to an I'TO-based glass substrate (transmissive) and
a dense hole blocking layer formed of titanium oxide formed
on the ITO-based glass substrate by a reactive sputter
method by an oxygen gas using a target formed of metal
titanium. An open circuit voltage, a short-circuiting current
density, and a photoelectric conversion efliciency were mea-

sured 1n the same manner as in Example 1. The results are
presented 1 Table 1-1 to Table 1-3.

Comparative Example 4

[0211] A solar cell was produced in the same manner as 1n
Example 2, except that unlike in Example 2, the titanium foil
as the first electrode was changed to a stainless steel foil
(opaque), and a hole blocking layer formed of titanium oxide
was formed on the stainless steel fo1l by a reactive sputter
method by an oxygen gas using a target formed of metal
titanium. An open circuit voltage, a short-circuiting current
density, and a photoelectric conversion efliciency were mea-
sured 1n the same manner as in Example 1. The results are
presented 1n Table 1-1 to Table 1-3.

Comparative Example 5

[0212] A solar cell was produced 1n the same manner as 1n
Example 2, except that unlike in Example 2, PEDOT/PSS as
the second electrode was changed to a silver film (opaque)
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having an average thickness of 100 nm by vacuum vapor
deposition. An open circuit voltage, a short-circuiting cur-
rent density, and a photoelectric conversion efliciency were
measured in the same manner as 1n Example 1. The results
are presented in Table 1-1 to Table 1-3.

TABLE 1-1

300 Lux (75 microwatts/cm?)

Open circuit Short-circuiting current  Photoelectric
voltage density conversion
(V) (microampere/cm?) efficiency (%)
Ex. 1 0.791 15.09 10.98
Ex. 2 0.8355 21.58 18.94
Ex. 3 0.851 21.47 18.27
Ex. 4 0.849 21.87 19.56
Ex. 5 0.831 21.83 18.62
Ex. 6 0.857 21.68 19.08
Ex. 7 0.848 21.49 18.47
Comp. Ex. 1 0.795 12.53 8.63
Comp. Ex. 2 0.794 9.87 6.79
Comp. Ex. 3 0.854 17.32 15.19
Comp. Ex. 4 0.849 12.91 11.25
Comp. Ex. 5 Unmeasurable
TABLE 1-2
100 Lux (25 microwatts/cm?)
Open circuit Short-circuiting current  Photoelectric
voltage density conversion
(V) (microampere/cm?) efficiency (%)
Ex. 1 0.771 5.03 11.01
Ex. 2 0.839 7.21 19.12
Ex. 3 0.831 7.19 18.40
Ex. 4 0.829 7.21 18.89
Ex. 5 0.819 7.22 17.50
Ex. 6 0.840 7.25 19.24
Ex. 7 0.832 7.11 18.22
Comp. Ex. 1 0.769 4.17 9.12
Comp. Ex. 2 0.767 3.29 7.17
Comp. Ex. 3 0.838 5.72 15.15
Comp. Ex. 4 0.831 4.29 11.27
Comp. Ex. 5 Unmeasurable
TABLE 1-3
50 Lux (12.5 microwatts/cm)
Open circuit Short-circuiting current  Photoelectric
voltage density COnversion
(V) (microampere/cm?) efficiency (%)
Ex. 1 0.758 2.51 10.81
Ex. 2 0.825 3.62 18.87
Ex. 3 0.821 3.58 18.11
Ex. 4 0.819 3.61 18.69
Ex. 5 0.805 3.42 16.30
Ex. 6 0.826 3.63 18.95
Ex. 7 0.821 3.58 17.16
Comp. Ex. 1 0.754 2.07 8.94
Comp. Ex. 2 0.752 1.65 7.03
Comp. Ex. 3 0.825 2.87 14.96
Comp. Ex. 4 0.826 2.18 10.23
Comp. Ex. 3 Unmeasurable
[0213] From the results of Table 1-1 to Table 1-3, Com-

parative Example 1 using the first electrode and second
clectrode having transmissivity to light, to result in a low
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light trapping eflect, was lower than Example 1 in the
short-circuiting current density and the photoelectric con-
version efliciency.

[0214] Comparative Example 2 using different kinds of
metals 1n the first electrode and the hole blocking layer, to
result 1n a poor electron 1njection characteristic, was lower
than Example 1 1n the short-circuit current density and the
photoelectric conversion efliciency.

[0215] Comparative Example 3 using the first electrode
and second electrode having transmissivity to light, to result
in a low light trapping effect, was lower than Example 2 1n
the short-circuiting current density.

[0216] Comparative Example 4 using different kinds of
metals 1n the first electrode and the hole blocking layer, to
result in a poor electron 1njection characteristic, was lower
than Example 2 1n the short-circuiting current density.

[0217] Comparative Example 5 using the second electrode
opaque to light, to result 1n 1impossibility for light to reach
the power generating layer, had no photoelectric conversion
characteristic at all (unmeasurable).

[0218] As compared, the solar cells of Examples 1 to 7 all
had an excellent photoelectric conversion efliciency. Among
these Examples, Examples 2 to 7 using spiro-OMeTAD
represented by structural formula (1) as the hole transport
material achieved a particularly high photoelectric conver-
sion efliciency.

[0219] As described above, 1t turned out that the photo-
clectric conversion element of the present disclosure was
able to obtain a good photoelectric conversion performance
even under weak 1rradiation light (from 50 Lux through 300
Lux) such as room light.

[0220] Aspects of the present disclosure are as follows, for
example.

[0221] <1> A photoelectric conversion element including:
[0222] a first electrode having opaqueness to light and

formed of a metal;

[0223] a hole blocking layer provided on the first elec-
trode;
[0224] an electron transport layer provided on the hole

blocking layer;
[0225] a hole transport layer provided on the electron
transport layer; and

[0226] a second electrode provided on the hole transport
layer and having transmissivity to light,

[0227] wherein the hole blocking layer contains an oxide
of the metal in the first electrode.

[0228] <2> The photoelectric conversion element accord-
ing to <1=>,
[0229] wherein the oxide of the metal 1n the hole blocking

layer 1s obtained by subjecting the first electrode to a
heating treatment 1n an oxygen atmosphere.

[0230] <3> The photoelectric conversion element accord-
ing to <1>,
[0231] wherein the oxide of the metal 1n the hole blocking

layer 1s obtained by a reactive sputter method by an
oxygen gas using a target formed of the metal.

[0232] <4> The photoelectric conversion element accord-
ing to any one of <1> to <3>,

[0233] wherein the oxide of the metal 1n the hole blocking
layer 1s titanium oxide.

[0234] <35> The photoelectric conversion element accord-
ing to any one of <1> to <4>,

[0235] whereimn the hole transport layer contains a hole
transport material represented by structural formula (1)
below,
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<Structural formula (1)>

H;CO

[0236] <6> The photoelectric conversion element accord-
ing to any one of <1> to <5>,

[0237] wherein the first electrode contains at least one
metal selected from the group consisting of stainless steel,
copper, titanium, and aluminium.

[0238] <7> The photoelectric conversion element accord-
ing to any one of <1> to <6,

[0239] wherein the second electrode contains at least one
selected from the group consisting of polythiophene and
metal nanowire.

[0240] <8> The photoelectric conversion element accord-
ing to any one of <1> to <7>,

[0241] wherein the hole transport layer contains lithium
bis(trifluoromethanesulfonyl imide.

[0242] <9> The photoelectric conversion element accord-
ing to any one ol <1> to <8>,

[0243] wherein a photoelectric conversion etliciency of
the photoelectric conversion element under irradiation
with a white LED of 100 Lux 1s 11% or higher.

[0244] <10> The photoelectric conversion element
according to any one of <1> to <9>,

[0245] wherein the photoelectric conversion element 1s
used 1n an environment under weak light of from 50 Lux

through 300 Lux.

[0246] <11> The photoelectric conversion eclement
according to any one of <I1> to <10>,

[02477] wherein an average thickness of the hole blocking
layer 1s 10 nm or o greater but 1 micrometer or less.

[0248] <12> 'The photoelectric conversion eclement
according to any one of <I1> to <11>,

[0249] wherein the first electrode contains titanium.
[0250] <13> 'The photoelectric conversion eclement

according to any one of <1> to <12>,
[0251] wherein the hole transport layer contains a basic
compound represented by general formula (1) below,

<(eneral formula (1)>

[0252] where 1n general formula (1), R, and R, represent
a substituted or unsubstituted alkyl group or aromatic
hydrocarbon group and may be 1dentical or different, and
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R, and R, may bind with each other to form a substituted
or unsubstituted heterocyclic group containing a nitrogen
atom.

[0253] <14> 'The photoelectric conversion eclement
according to any one of <1> to <13>,

[0254] wherein the basic compound represented by gen-
eral formula (1) 1s a basic compound represented by any
one of structural formulae below,

<Compound No. 2-1>

CH,
N// \ N/
\— \CH3

/ \

N// \ N
\—
/N

O-C
N
e

7\

<Compound No. 2-2>

<Compound No. 2-3>

<Compound No. 2-4>

<Compound No. 2-5>

A
(T
N/

[0255] <15> The photoelectric conversion element
according to any one of <1> to <14>,
[0256] whereimn the electron transport layer contains an

clectron transport material to which a photosensitizing,

compound represented by general formula (2) below 1s
adsorbed,

<(eneral formula (2)>
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[0257] where 1n general formula (2), R represents a sub-
stituted or unsubstituted alkyl group.

[0258] <16> The photoelectric conversion element
according to any one of <1> to <15>,

[0259] wherein the electron transport material 1s at least
one selected from the group consisting of titanium oxide,
zinc oxide, tin oxide, and niobium oxide.

[0260] <17> 'The photoelectric conversion element
according to any one of <1> to <16>,

[0261] wherein the hole transport layer contains an 1onic
liquad.
[0262] <18> The photoelectric conversion element

according to any one of <1> to <17>, including

[0263] ametal oxide layer between the hole transport layer
and the second electrode.

[0264] <19> 'The photoelectric conversion eclement
according to any one of <7> to <18>,

[0265] wherein the metal nanowire 1s silver nanowire.

[0266] <20> 'The photoelectric conversion eclement
according to any one of <1> to <19>,

[0267] wherein the transmissivity to light means that
transmittance of visible light 1s 50% or higher, and the
opaqueness to light means that transmittance of visible
light 1s lower than 50%.

[0268] The photoelectric conversion element according to
any one ol <1> to <20> aims for solving the various
problems 1n the related art and achieving the object
described below. That 1s, the photoelectric conversion ele-
ment has an object to provide a photoelectric conversion
clement capable of achieving a good photoelectric conver-

s1on performance even under weak 1rradiation light (from 50
Lux through 300 Lux) such as room light.

What 1s claimed 1s:
1. A photoelectric conversion element comprising:

a first electrode having opaqueness to light and formed of
a metal:

a hole blocking layer provided on the first electrode;

an electron transport layer provided on the hole blocking
layer;

a hole transport layer provided on the electron transport
layer; and

a second electrode provided on the hole transport layer
and having transmissivity to light,

wherein the hole blocking layer comprises an oxide of the
metal 1n the first electrode.

2. The photoelectric conversion element according to
claim 1, wherein the oxide of the metal 1n the hole blocking
layer 1s obtained by subjecting the first electrode to a heating
treatment 1n an oxygen atmosphere.

3. The photoelectric conversion element according to
claim 1, wherein the oxide of the metal 1n the hole blocking
layer 1s obtained by a reactive sputter method by an oxygen
gas using a target formed of the metal.

4. The photoelectric conversion element according to
claim 1, wherein the oxide of the metal 1n the hole blocking
layer comprises titanium oxide.

5. The photoelectric conversion element according to
claim 1, wherein the hole transport layer comprises a hole
transport material represented by structural formula (1)
below,



US 2018/0053863 Al

<Structural formula (1)>

16
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6. The photoelectric conversion element according to
claim 1, wherein the first electrode comprises at least one
metal selected from the group consisting of stainless steel,
copper, titanium, and aluminium.

7. The photoelectric conversion element according to
claim 1, wherein the second electrode comprises at least one
selected from the group consisting of polythiophene and
metal nanowire.

8. The photoelectric conversion element according to
claim 1, wherein the hole transport layer comprises lithium
bis(trifluoromethanesulfonyl)imide.

9. The photoelectric conversion element according to
claam 1, wherein the photoelectric conversion element 1s
used 1 an environment under weak light of from 50 Lux

through 300 Lux.
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